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ABSTRACT 


The pulse height response of silicon surface barrier 
detectors was measured as a function of energy for median 
light and heavy fission fragments of pele over an energy range 
of 100 2>E2 7MeV. The results demonstrated that the calibra- 
tion procedure proposed by Schmitt, et al for undegraded 
fission fragments is actually valid over an energy range of 
1002 E 2 25 Mev. Comparison of the pulse height response 
to fission fragments with the response to alpha particles 
yielded the pulse height defect as a function of energy. 

The magnitude and shape of the curve were found to be in 
disagreement with a calculation by Haines and Whitehead 
based on the unified range theory of Lindhard and co-workers, 

The transient response of Silicon surface barrier 
detectors was measured as a function of the energy of 
cae laent ofeje fission fragments. The effect of the plasma 
formed by the incident fission fragment on the collection 
time was determined. The time to disperse the plasma was 
found to be proportional to gl/m where 2&2m< 3 and FE 
is the incident particle energy. A simple model was 
proposed for the plasma effect and found to give agreement 


with experiment, 
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I. INTRODUCTION 
semiconductor radiation detectors have met with 
considerable success in many fields of nuclear research 
principally because of their small size, simplicity and 
excellent energy resolution, 
The number of ion pairs, No, created by an incident 
particle within a semiconductor detector is 
Ny = E/w (1) 
where E is the incident particle energy and w is the energy 
expended per ion pair formed, Experiments have shown 
(M10, G2) that w is essentially independent of particle type 
with the exception of heavy ions such as fission fragments 
(Bl). The fact that wis apparently larger for heavy ions 
results in a pulse height defect which can be defined as (K1) 
Qos E (1 - PHpp/PH.). (2) 
2 is the pulse height defect in energy units; E is the 
energy of the heavy ion; PHpp is the observed pulse height 
of the heavy ion and PH, is the expected pulse height 
of an alpha particle of the same energy. 
The pulse height defect has been ascribed to three 
adifferent effects: 
(1) Gold Film Loss 
Surface barrier detectors have a thin gold film 
deposited over the front surface of the detector 
to act as an electrode. Energy lost by an incident 
particle in the gold layer does not contribute to 
the observed signal from the detector, The discussion 


in this dissertation is limited to surface barrier 


C= 


detectors. Diffused junction detectors have relatively 
thick "dead layers" on their front surfaces which 

have the same type of effect as the gold layer in 
surface barrier detectors, Typically this gold film 

is about 100 Angstroms thick which results in 
negligible energy loss for an alpha particle while 
fission fragments may lose as much as 0.5 MeV. This 
discrepancy contributes to the pulse height defect 

by reducing the energy available to produce ionization 
for a fission fragment as compared with an alpha 


particle, 


(2) Non-ionizing Nuclear Collisions 

For light particles such as alphas, electronic 
collisions dominate the energy loss process and 
nuclear collisions have almost negligible effect 
(B6), On the other hand, fission fragments 
experience nuclear collisions while still relatively 
energetic and such collisions play a significant role 
in the energy loss processes towards the end of the 
fragment track (B6). With regard to a semiconductor 
detector the question arises as to the efficiency 
of struck lattice atoms for producing ionization 
since the pulse height is proportional to the number 
of ion pairs formed (F2). 

The general problem of non-ionizing collisions 


in detectors has been treated theoretically by 
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a0. 
Lindhard et al (L1) and subsequent experiments by 
Sattler (S2) support the theory. Haines and Whitehead 
(H1) used the Lindhard formalism to calculate the 
energy lost to non-ionizing nuclear collisions for 
any type of ion incident upon a silicon detector 

and concluded that fission fragments should lose 
several MeV via non-ionizing collisions. 

Recently, Moak et al (M9) have reported 
observationsin which the pulse height defect was 
eliminated by aligning the detector crystal axis 
parallel to a well-collimated beam of iodine ions. 
Their interpretation was that channelling by the 
incident heavy ions reduced nuclear collisions to a 
minimum which leads to the conclusion that the pulse 
height defect is due solely to non-ionizing nuclear 


collisions, 


(3) Recombination Losses 

The separation and collection of the carriers 
created by an incident charged particle within the 
depletion region is accomplished by the applied field, 
The simplest model of collection assumes a 
field-independent mobility and negligible distortion 
of the field by the ionization. In this case, the 
collection time is directly related to the transit 
time across the depletion region, For the particular 
ease of a surface barrier detector and a particle 


range much less than the width of the depletion 


a -~ = —o- =—ia 
ee 
e 
a _ > 
-_> _ a 
_— 
=> 
[3 
—_! 
_~ = aa . a a 
=>» lee er 
ee on —- 





ites 


region, the result is (W2) 
Onseuds 
Ue seer (3) 
Ore is the collection time; d is the width of the 
depletion region; ,, is the mobility and V is the 
applied bias voltage, 

Miller, et al (M1) observed that the rise times 
of pulses due to fission fragments were an order of 
magnitude greater than that predicted by equation B)% 
This led the authors to introduce the concept of a 
"plasma time" based on the hypothesis that the dense 
column of itonization along the particle track shielded 
itself from prompt collection by the applied field. 
The plasma time is roughly defined as the time 
required for the ionization column to disperse to the 
point where normal field collection can proceed. It 
has been argued (M7) that since the collection process 
is thus impeded, recombination within the ionization 
column makes a significant contribution to the pulse 
height defect. 

In principle the magnitude of the plasma time 
can be reduced by increasing the applied field and 
experiment has shown (S1, Bl) that at least in some 
detectors the pulse height defect does decrease as 
detector bias increases. Unfortunately, the field 
cannot be increased without limit, since 


non-linearities due to multiplication effects will then 





be introduced (W3, Al). 

In spite of the conetderable investigation into the 
pulse height defect there is still no clear explanation 
of the exact cause, It is certain that the gold film 
losses contribute but this only accounts for a small 
portion of the defect. The experiments by Moak with 
channelling effects seem conclusive but cannot explain the 
bias dependence of the pulse height defect observed by 
others, 

One area of investigation that has been neglected is 
the dependence of the pulse height defect on the energy 
of the incident particle, Experiments reported with 
accelerated ions (M9, S3) do not go below 30 MeV and 
studies of the plasma effect have been made with undegraded 
fission fragments only (M5). 

The goal of the present experiments was to examine 
the energy dependence of the pulse height defect to as 
low an energy as possible and to explore the energy 
dependence of the plasma time in an attempt to establish 


its relation to the pulse height defect. 
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II. EXPERIMENTAL 
A. Apparatus 
1. Counting Cell and Vacuum System 

The cell was a hollow aluminum cylinder with an inside 
diameter of 3.0 inches and a length of 9.99 inches. 

Each end had a removable end plate, sealed hermetically 
with an O-ring. The end plates had detector mounts at 
their centers andMme plate held a source holder and an 
externally controlled shutter as well. With the shutter 
closed the source was covered on both sides, thus 
protecting the detectors from radiation damage while 
experiments were not in progress, The cell and shutter 
arrangement are shown in Figure 1. 

For some of the experiments the cell was fitted with 
a sliding detector mount (not shown in Figure 1) in the 
form of a lucite cylinder fitting snugly inside the 
counting cell. This permitted the distance from the source 
to detector #1 to be varied. 

Figure 2 illustrates the simple glass vacuum system 
consisting of a mechanical vacuum pump, cold trap, McLeod 
gauge, mercury manometer and connecting tubing. The 
System was capable of producing a vacuum of better than 
O.0O1 mm He. It was estimated that a pressure of 0,1 
mn Hg. or less was required to insure negligible energy 


loss along the flight path. 
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2. The Detectors 

The detectors used in all experiments were surface 
barrier detectors manufactured by the Oak Ridge Technical 
Enterprises Company. Two large area detectors were the 
pubjects of the calibration. The first, detector D-l, was 
ORTEC model SBQN450-60, serial number 3-749E, with an active 
area of 450 mm- and a gold film thickness of approximately 
15 A on the front surface, The nominal resistivity of 
the n-type silicon was 350 ohmcm. The detector was 
operated at a bias voltage of 100 volts which produced a 
depletion layer of 95 microns. This is the detector that 
was used in the work reported by Mulads (M2). 

The seCond detector to be calibrated, detector D-8, 
was O 2TEC model SBI 450-60, serial number 6-187B with 
active area 450 mm@ and gold thickness of about 100 Me 
The operating bias of 250 volts produced a depletion 
layer of 330 microns in the 1750 ohm-cm n-type silicon 
detector. 

A smaller detector, ORTEC model SBEIO50~-60; serial 
number 5-902, was used to provide timing and coincidence 
Signals. This detector was made of n-type silicon with 
resistivity of 1150 ohm-cm and was operated at a bias 
voltage of 100 volts to give a depletion depth of 150 
microns. 

The fission fragment spectra obtained with the two 


large detectors were in reasonably good agreement with the 


’ kL i i 
4 
, 
- = = —_ 
= 
=> 
ee _ 
t 
| 
= 
= r 
i 
oo 
_ 
@ 
@ 
} 
S&S — - = — 
® 
» 
’ 
7 
& a > 
S _ 
| —_ 
‘ 
“J 
= 
> 
ue 
- 
tL 
i 
_ 





Sie. 


figures of merit proposed by Schmitt and Pleasonton (S4). 
These are listed in Table TI. 

The two detectors used in the plasma time studies 
were ORTEC model SBEG1O0-60, Both detectors had an active 
area of 100 mm@ and the silicon slices had a thickness of 
0,020 inches. Detector D-9, serial 4-122C, had a 
resistivity of 660 ohm-cm and detector D-10, serial 
5-433C, had a resistivity of 900 ohmcm. 


3. Electronic System 
(a) Time-of-Flight 

A block diagram of the electronic system for 
time-of-flight observations is shown in Figure 3 and 
the components are listed in Table II. Signals generated 
within the detectors by incident particles triggered the 
time pick off units (TPO) which provided timing signals 
to the time-to-pulse height converter (TPHC). The time 
interval seen at the TPHC was the difference between 
the flight times of a pair of fission fragments travelling 
in opposite directions to detectors #1 (the one to be 
calibrated) and #2 over evacuated flight paths of known 
length. This time interval was converted to a pulse of 
proportional amplitude which was stored in the pulse 
height analyzer (PHA) subject to a coincidence requirement, 

Coincidence was demanded between the output of the 
TPHC and the output of a single channel analyzer (SCA) 


Which produced a pulse whenever the amplified signal from 





TABLE I 
Comparison of the Figures of Merit Proposed by 
Schmitt and Pleasonton with those Observed with 
Detectors D-1 and D-8 


Parameter Result Result Expected 
ae p-8 Value 

Ny,/Ny 2,12 2,00 2,85 

Ny/Ny Gn 1.69 2.2 

Ny /Ny neo 1.18 1.30 
ty 

i =H 0.38 0.46 gsi 
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TAR Gt eer 


Electronic Components for Time-of-Flight 
and Pulse Height Measurements 


Unit Manufacturer Model Serial 

Time pickoff #1 ORTEC 260 206 
Time pickoff #2 ORTEC 260 202 
Preamp # I RIDL culls 76217 
Preamp # II Homemade version of RIDL 31-18 
Time pickoff 

control #1 ORTEC 403 46 
Time pickoff 

control #2 ORTEC 403 Ady 
Time to pulse height 

converter ORTEC 405 24 
Delay box Nanosecond 260 1793 

System 

Bias supply #2 RIDL 4Oom-14 50A8234 
Bias supply #1 Homemade version of RIDL 40-14 
Main amp #1 RIDL 30-21 25A7203 
Main amp #2 RIDL 30-21 DOBeaot 
Mercury pulser RIDL emi 25A8209 
Pulse Height analyzer RIDL 34.12 86113-D 
Single channel analyzer  RIDL 33-10B OJ (auc 


ORTEC - Oak Ridge Technical Enterprises Co. 


RIDL - Radiation Instrument Development Laboratory 
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detector #2 fell within its window, This window bracketed 
either the light or heuvy fission fragment peak of the 
fragments striking detector #2, When the window was set 
on the light peak, storage of the output of the TPHC 
was permitted only when a companion heavy fragment 
struck detector #1 and vice versa. 

In order to standardize the time scale, pulses from 
a mercury switch pulser were introduced at the two TPO's 
and the time interval between start and stop pulses was 
varied with a variable delay box. 

(b) Pulse Height 

Data yielding the pulse height response of detector 
#1 was collected under identical conditions to each 
time-of-flight run. A block diagram of the electronic 
system is given in Figure 4 and the components are listed 
in Table II. In this instance the pulse height analyzer 
input was switched to receive the amplified linear signal 
from detector #1. The coincidence circuitry was identical 
to that used for time-of-flight observation. Pulses 
from the mercury pulser (PG) were introduced at the input 
to charge-sensitive preamp #1 to standardize the pulse 
height scale, 

(c) Linearity 

The electronic system shown in Figure 5 was used for 
an auxiliary experiment to test the linearity of the 
TPHC and PHA combination. The components are listed in 
Table ITI. Random pulses from a NaI scintillation counter 
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TABLE IIL 


Electronic Components for the Linearity Test 


Unit 
Geciiiator 
Time pickoff #1 
Time pickoff #2 
Pickoff control #1 
Pickoff control #2 


Time to pulse height 
converter 


Photo tube 


Preamp 


Power Supply 
Pulse height analyzer 


Manufacturer Model Srenenl fil 
Tektronix a 000645 
ORTEC 260 206 
ORTEC 260 202 
ORTEC 103 16 
ORTEC 103 yd 
ORTEC 1O5 eu 
CBS CL-1008 ~ 

Homemade version of RIDL model 
10-8A 
RIDL 4O-9B ~ 
RIDL 34-12 86113-D 
Harshaw AM366 7D8 
New England > me Cool 


Nuclear Corp. 
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triggered TPO #2 to provide a start pulse to the TPHC while 
stop pulses were provided by the oscillator triggering 
TPO #2. The output of the TPHC was stored in the PHA 
with no demands on coincidence. 
(d) Rise Time 

The electronic system for rise time observations was, 
with minor modification, a scheme proposed by Steingraber 
and Berlman (S5). A digital representation of the vertical 
Signal from a sampling oscilliscope was stored in 
consecutive channels of a multichannel scaler, with a 
one-to-one correspondence between samples of the 
oscilliscope sweep and memory location of the multichannel 
Sealer, 

A block diagram of the system is given in Figure 6 
and the components are listed in Table IV. Detector #2 
provided an external trigger to the oscilliscope via 
a time pickoff unit. The time pickoff unit discriminator 
was set to exclude triggering on alpha particles, The 
linear signal from detector #2 went to a single channel 
analyzer whose window could be set on either the light 
or heavy fission fragment peak as seen by detector #2. 
The output of the single channel analyzer was led to a 
Shaper and thence to the detector gate input on the 
multichannel scaler. The shaper (shown in Figure 7) was 
required because the output of the single channel 


analyzer was of the wrong polarity and duration. 
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TABLE IV 


Electronic Components for Rise Time Measurements 


Unit Manufacturer Model Serial 
Delay box Nanosecond 260 1793 
Pulser generator Tektronix qe. C00645 
Time pickoff ORTEC 260 202 
Preamp RIDL 31-18 T6217 
Bias supply #1 RIDL 4Q-14 50A8234 
Sampling oscilliscope Tektronix 181 000182 
Time pickoff control ORTEC 403 4d 
Main amplifier RIDL 30-21 DOBSsau) 
Blas supply #2 Homemade version of RIDL 40-14 


Single channel analyzer RIDL 
Multichannel analyzer RIDL 


33-10B 50J7312e 
34-12 86113-D 
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The signal from detector #1 was taken to a delay 
box and then directly to the signal input of the 
sampling oscilliscope. The delay (-~40O nanosec.) was 
required to achieve the proper time relation between 
Signal and trigger to permit the signal to be displayed 
on the CRT. 

The vertical signal output, the oscilliscope trigger 
Signal, and the retrace blanking pulse were taken from 
the oscilliscope to the multichannel adaptor (enclosed 
by dotted line on Figure 6). The latter two signals were 
amplified at their exit from the oscilliscope to prevent 
the long cables from loading down the oscilliscope. 

The DC level of the vertical signal was adjusted at 
the adaptor and then amplified by an operational amplifier 
with a gain of about ten. These circuits are shown in 
Figure 8, This signal was then applied to the De (or 
Mossbauer) input of the analog-to-digital converter of 
the multichannel scaler. The DC level and gain adjustment 
described above were necessary to place the signal within 
the usable range (0 to -8v) of the analog-to-digital 
converter. 

The amplified trigger signal from the oscilliscope 
went to the input of the trigger gate circuit shown in 
Figure 9. This circuit either blocked or passed the 
Signal depending on the state of the bistable composed of 


T, and T° Wasi I “Olt. T3 was on and the trigger signal 


iE 
was shunted to ground. When T, was on, T3 was off and the 


| 





10K 
: (y 
ae ‘-. ON445A 
10K 
\) 15K 
1) eee 
7 
OUT CB 
15K 
1.5K 
1.5 K 
\/ 
FIG. 8 
MULTICHANNEL ADAP TOR — \ 
DC AMPLIFIER AND DC LEVEL ADJUST 





+10 +10 
CD 






G 
ps Zan 
| 4 
ésdlins ON445A out 
Olaf lef 70 Tee 
io ® i 
ie 10K 
mk 10K Oc ON404 
4.7K vy 
V V 
\/ 
20K | 
=4i@ir =e. 
| 
330 Olt — 
OHS 
“GeO 
CF 2N404 
2N404 | 10K | 
V V 
address Petre cs 
overflow blanking 
Qo | epee <5 
OO OO Tue 
Fate. So 


MULTICHANNEL ADAPTOR — TRIGGER 
GATE " 





~25- 


trigger signal passed to the output, tT was switched 
off by an address overflow pulse from the multichannel 
scaler, Signifying that the multichannel had reached its 
last memory location before the oscilliscope reached the 
end of a sweep. Ty was switched on by the retrace 
blanking pulse from the oscilliscope which marked the 
beginning of a new sweep, 

Trigger signals which passed through the trigger gate 
strobed the analog~-to-digital converter, thus causing 
analog to digital conversion of the DC level present at 
the input, The DC level was the vertical signal from the 
oscilliscope in coincidence with its own trigger signal. 

The analog-to-digital converter produced a 2 
megacycle pulse train, the length of which was proportional 
to the vertical signal at the input, when the trigger 
pulse arrived. This pulse train was scaled down by a 
factor of four and then applied to the detector input 
of the multichannel scaler, which could count at a 
maximum rate of about 500 ke. The circuit of the scale 
of four is shown in Figure 10, The scale of four was 
reset to zero before each pulse train arrived by the 
reset pulse from the ADC which was first amplified by the 
reset shaper shown in Figure ll. 

The multichannel scaler stored the counts presented 
at its detector input in a single memory location until 
a channel advance pulse arrived at its oscillator input. 


The channel advance pulse was provided by the store pulse 


4 © te 





‘al 
AY, =10O —a@ 47 


© 
Sei 220 PLO Sees 


f 7 
yet 


vy) 
150 


- 9 


Sen 
i 


\/ \ / V 
reset out 
SlhiG. 1c 


MULTICHANNEL ADAP TOR 
SCALE VOIP meeU 





-20 


12 


100 pf ON979 










- 20 
@ 


68K310K $2.2K 
22K lOOpt oO 


pCi > 200pf 
ee ‘@ 


V | out 
Y, 10K 





2N979 


e 
OO uf Z 


Fr Om 
MULTICHANNEL ADAPTOR 
RESET): “SmArRek \ 





223= 


from the analog-to-digital converter, Since the store 
pulse is generated by tne final pulse of each 2 megacycle 
pulse train, each consecutive sample from the oscilliscope 
was stored in consecutive channels of the multichannel 
scaler. It was important to operate with a dead time 
close to zero to insure that the analog converter would 
not be busy when a trigger signal arrived. If that were 
to happen no channel advance would be generated and the 
sweep of the multichannel scaler would be out of step with 
the sweep of the oscilliscope, 

For coincidence work the output of the coincidence 
Shaper was connected to the detector gate of the 
multichannel scaler. The DC level of the shaper output 
was normally -20 volts which blocked storage of the pulse 
train. When the single channel analyzer triggered the 
Shaper the output went to 0 volts. The monostable was 
adjusted to maintain this condition for a length of time 
(0.5 milliseconds) which overlapped the longest pulse 
train presented to the detector input. Thus only pulse 
trains in coincidence with the signal from the single 
channel analyzer were permitted to be stored. This 
coincidence arrangement did not interfere, however, with 
the channel advance. Signals which were not in coincidence 


merely contributed zero counts to the channel involved. 


4, Radioactive Sources 


A source of spontaneously fissioning cpeje was 
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used for calibration of the detectors and for the study 
of pulse rise times. This Cf°22 source was sandwiched 
between nickel films of nominal thickness 50L&% and 100%, 
The source diameter was acout 2 mm and the source intensity 
approximately 4 x 102 fissions/min. The energy 1088 
through the nickel films was determined experimentally 
and in all cases was less than 4 MeV. 

A second cpefe source was used for determining 
this energy loss through the nickel. This source was 
plated on a platinum disk over an area of about 4 mm 
diameter, This was a bare source with negligible energy 
loss within the source and had an intensity of about 10° 
fissions/min. 

A Co! gamma source was used in the experiment to test 
the system linearity (see Section II-C2),. This was a 


O.3 mc. source enclosed in a plastic case. 


5. "Mylar" Absorbers 

"Mylar" film was employed as an absorber to vary 
the energy of the fission fragments. The "Mylar" was 
available in sheets of nominal thicknesses 0.15 mil., 
0.25 mil., 0.35 mil. and 0.50 mil., and any combination 
of the above could be laminated to give intermediate 
thicknesses. 

A permanent set of "Mylar" absorbers was constructed 
with nominal thicknesses of 0,15 mil., 0.25 mil., 0.30 


mil., 0.35 mil. and O.40 mil. Holes of roughly 50 mem 
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were cut in thin pieces of plexiglass, 0.2 mm thick, The 
edges of the holes were smoothed and rounded with fine 
steel wool to reduce the scattering surface to a minimun. 
Then sheets of "Mylar" film were glued to the plexiglass, 
thereby covering the holes, 


B. Experimental Considerations 
1. Radiation Damage 
(a) Time-of-Flight and Pulse Height Observations 

One of the major problems influencing the experimental 
design was the possibility of radiation damage to the 
detectors, Studies by Britt and Benson (B2) show that 
the pulse height defect increases significantly after a 
dose of approximately 1.5 x 10° fission fragments /em°. 

Such a change in detector response for detector #2 
would have the same effect as drift in the window of the 
Single channel analyzer. To reduce this effect and 
increase the detector lifetime, detector #2 was placed 
2.37 cm from the source instead of flush against it, It 
was estimated that in this position the detector lifetime 
would exceed the duration of the experiments. 

The detector response was checked at frequent intervals 
for any change in pulse height and the window adjusted 
accordingly. The change in response was typically less 
than 1.0 Mev between each check. A timing calibration 
was done at the beginning and end of all the time-of-flight 
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runs and the results compared in order to detect any 
electronic drift. In no case was there a significant 
difference in the two time calibrations, 

There was no concern with extensive radiation damage 
to detector #1 since the count rate at this position was 
less than 200 fragments/em°-min. 

(b) Rise Time 

For the rise time studies detector #1 was moved to 
within a few millimeters of the source and the possibility 
of radiation damage was increased since the count rate in 
this position was about 5 x 10" fragments /em*-min. To 
keep the total dose under 2 x 10° fragments /cm@ it was 
necessary that the experiments on a single detector be 
completed in less than sixty hours. A preliminary set 
of experiments substantiated this prediction. Over a 
period of one hundred hours of exposure, the rise time 
of a given detector was observed to increase by as much 
as a factor of two, 

The final set of experiments was carried out with 
fresh detectors of low resistivity (low resistivity 
material is less susceptible to radiation damage (B2)). 
The total exposure for D-9 was thirty-nine hours and 
for DelO was thirty-four hours, This resulted in a dose 
of ~1.2 x 10° fragments /em* for D-9 and of ~1,0 xX 10° 


fragments/em° for D-10, 
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2. source-Detector Alignment 

A source of difficulty in the rise time experiments 
was the alignment of the source and the two detectors. 
The exact position and dimension of the source was unknown 
and as a result it was possible to achieve only a 50% 
coincidence rate between the two detectors. This meant 
that 50% of the trigger pulses from detector #2 to the 
oscilliscope had no companion signal from detector #1. 
The net effect was to increase the length of time 
required to achieve a smooth average pulse in the 


multichannel analyzer. 


3. Collimation 
The problems of collimation have been discussed 
in detail by Schmitt and Pleasonton (S4). For the 
present experiments it was found that only the small 
area detectors (50 mm> showed any improvement with regard 


to low energy tailing through the use of a collimator, 


4. Miscellaneous 


The alpha activity of cre" 


is approximately thirty 
times the fission activity so there was a definite 
possibility of observing a false coincidence due to alpha 
particles during the pulse height and time-of-flight 
experiments, Since the count rate at detector #2 was 
greater than that at the larger detector, there were many 


more gating pulses from the single channel analyzer than 


there were true coincidences. An alpha particle which 
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happened to strike detector #1 while the gate was open 
produced a pulse which was treated as a true fission 
fragment coincidence. In time-of-flight work this was no 
particular problem since events of this sort produce 

random time intervals which do not affect the calculation 

of average flight times for fission fragments. On the other 
hand, the pulse height spectra ef the alpha particles and 
fission fragments overlap at low energy so it is important 
to minimize these false coincidences. 

The only controllable factor, the width of the gating 
pulse, was reduced to 0.5 microsec. with the result that 
the false coincidence rate was less than 1% of the true 
coincidence rate, 

With such a narrow gating pulse and the substantial 
difference in rise time between the TPHC and the linear 
amplifier used in pulse height measurements, it was 
necessary to have slightly different coincidence arrangements 
for the two types of experiments. For time-of-flight work 
the output of the single channel analyzer was fed directly 
to the delayed coincidence input of the multichannel 
analyzer, For pulse height work it was necessary to delay 
the output of the single channel analyzer by approximately 
<¢ microsec, before feeding it to the delayed coincidence 
input of the multichannel analyzer. 

In the time-of-flight experiments it was found that at 
low energies (<20 Mev), the triggering rate of the time 
pickoff unit varied considerably with the bias voltage of 
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detector #1. In order to avoid this inherent discrimination 
the bias voltage was increased until the triggering rate 
saturated, Thus detector D-8 was calibrated at 250 

volts and D-l at 100 volts. 


C. Preliminary Measurements and Adjustments 
1. Energy Loss Within the Source 

As mentioned previously the Cf*2° time-of-flight 
source was sandwiched between thin nickel films which 
slightly degraded the fission fragments. In order to 
determine the energy loss detector D-1 was calibrated by 
the Schmitt procedure (S3) with the bare Cf°9* source. The 
method of calibration is suitable in this case since the 
fragments are only slightly degraded and the Schmitt 
procedure has shown good results for fragments in this 
energy range (S3). The results of this calibration were 
expressed in arbitrary PH units. 

Ey = 18.17 (PH) + 6.15 (4) 
E;, = 17.37 (PH) + 5.77 (5) 

D-1 was then used to observe the pulse height spectra 
from both sides of the nickel-covered time-of-flight source. 
The channel numbers corresponding to the light and heavy 
peaks of these spectra were determined by the geometric 
procedure suggested by Schmitt (S3). These values were 
converted to PH units which were used in either equation 
(4) or (5) to determine the average energy associated with 


each peak, 
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In addition it was necessary to know the average 
velocities of the light and heavy fragments from the 
nickel-covered source. These were calculated from the 


average energies. oe 


=e 

> “orsie Fb (9) 
and from the definition of the standard deviation, 

Ve = ve -g® (V) (7) 


where V is expressed in units em/nanosec., E is in MeV and 
A is the average fragment mass in amu, 
The results of these calculations are summarized in 


Table V. 


2. oystem Linearity 

The timing system measured the time interval between 
two pulses by converting this time interval to a pulse 
of proportional height and then storing this pulse in the 
appropriate channel of the pulse height analyzer. After 
many events, the spectrum in the analyzer was N(T) aT, 
the number of time intervals of length T between T and 
T+ qgT where dT was the channel width in units of time. 
The conversion of channel numbers to time units assumed a 
linear relation between the two so it is important that the 
time-to-pulse height converter and pulse height analyzer 
combination indeed be linear, 

An experiment to test the linearity was suggested by 
the manufacturer of the timing units. This experiment 


was performed with the electronic system shown in Figure 5. 





TABLE V 


Results of the Measurement of Energy Loss 
Within the Source 


"Closed" Side of Source (nominal thickness of Ni = 100,,/em® 


Heavy ZOo,L- —e6e0 9 75.54 #2027 0,083 9 dele 
Light 296.2 Det} 1002605 17822 0,069 1.348 


"Open" Side of Source (nominal thickness of Ni = 50 ne/em® 


Heavy 214.9 4,152 77.49 1.054 0.083 #£=1,.023 
eesagy 303.2 5,892 102.31 1.863 0.069 1.363 


* Value taken from (53). 
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A start pulse arriving from the NaI scintillator at 
time T = O triggered the ramp within the time-to- pulse 
height converter. If no stop pulse arrived between “C = O 


and “¢ = the time-to-pulse height converter reset 


RESET’ 
itself and then awaited the next start pulse. Any other 
start pulses arriving between C= 0 and t= Treopp were 
ignored, Figure 12 shows a pair of consecutive stop pulses 
triggered by the fixed frequency oscillator. Start pulses 
Which fell in the shaded area resulted in the uninteresting 
situation where the time-to-pulse height converter reset 
itself. Only start pulses occurring in the blank area 

(at a time less than Teesep prior to a stop pulse) provided 
a time interval within the range of the time~to-pulse 
height converter. Thus, during the time TRESET before 

a stop pulse the system became "alive" in the sense that a 
eolmertcence CoulGd occur, 

If the system became "alive" at C= 0, then the 
probability that no start pulse would arrive from the 
source in time T was eT, where ¥ equals the triggering 
rate of the time pickoff unit driven by the photomultiplier 
tube. The probability that a start pulse will arrive in 
any interval d’t was yd’C. The probability that the first 
start pulse would arrive between C and t + qt was the 
product of the above pYrobabilities, 

p(r)ary = Ye ** av (8) 

The time interval observed by the time-to-pulse 

height converter was t = Tppgpp -L, so the probability 
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of a time interval between t and t +dt was 


pat es ; et Pa 


The triggering level of the time pickoff unit was set so 
that % = 150 eps and since Tanger = 0425 28€G, Y Tanga «<1, 
For all 0 =< t < Tresey, e***, with the result that 
P(t) dt -< dt. (10) 
All time intervals between t = 0 and t = Trpropm were 
equally likely. 
The stop rate from the fixed frequency oscillator 
was 100 ke which resulted in a coincidence rate of 60 cpm. 
The start rate of 9000 cpm and the coincidence rate closely 
approximated the condition for fission fragment experirents. 
The spectrum resulting from this experiment was fit 
to a second order polynominal by a non-linear least square 
(B5, M8) technique with final result 
f(X) = N(1 = 0,119 x 1073x + 0.428 x 1076 x). (31) 
Here X represents channel number and N is a normalization 
constant, Over the range of interest (160 <= X < 360) this 


resulted in a variation of 112%. 


3. Standardization of the Time Scale 
The measurement of fission fragment flight times 
required a consistent methodof relating the channel numbers 
of the pulse height analyzer to the time interval observed 
at the time-to-pulse height converter. 
This was accomplished by determining the equivalent 


flight time corresponding to the various settings on a 
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variable delay box. The delay box provided fixed delays 
over a range of eighty nanoseconds at four nanosecond 
intervals, 

The “equivalent time" of each delay box setting was 
determined from observation of the full time-of-flight 
spectrum of undegraded fission fragments, with each 
observation of about one hour's length being preceded 
and followed by a delay box run, These were done under 
identical electronic conditions with the only difference 
being in the method of triggering the time pickoff units, 
During the fission fragment observations they were, of 
course, triggered by the detectors and during the delay box 
runs both time pickoffs were triggered by the pulse from 
a Single mercury pulser. The delay box was inserted in 
the signal path of the start side of the time.to-pulse 
height converter and thus the time interval between 
start and stop pulses could be varied over a range of 
about eighty nanoseconds. A delay box run consisted of 
storing the output of the time-to-pulse height converter 
in the pulse height analyzer for one minute at each 
setting. The fission fragment runs were done with a delay 
box setting of zero, 

The analysis of the fission fragment data started 
with the expression given by Whetstone (W1) as a reasonable 


representation of the velocity spectrum of undegraded 
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fission fragments. 
(a2) 


- a 
e(v)dv o& - OR he 4 P 1 exp) ~4 oat 
(v 5h Pile G(v) L) 


Here the subscripts L and H refer to the light and heavy 


dv 





fragments respectively, v to the appropriate average 
velocity and ad (v) to the appropriate standard deviation 
Of velocity, 

Setting T, = D,/V this expression is transformed 
in the usual fashion 

h(T, )av, oc 8(D,/T,) a | qT, . (23) 
dT, | 

This expression represents the spectrum of flight times, 
T,, over the path length Dy to detector #1. However, the 
observed time spectrum was in terms of the time interval 
at the time-to-pulse-height converter T= T - To Tp is 
the flight time of a sister fragment to detector #2 over 
the flight path Do. Since = —~ 0.1, To was set equal to 


= 1 
To, the average flight time over D,, and the expression 


2 
T, = T+ Tp was substituted into (13) yielding 
dv | 


f(T)aT c<. g(Dy/(T + Tp) ag, (14) 








Finally the observed time interval, T, was written as a 
linear function of channel number, 

T= BX 4 Bo 5 (23) 
and this was substituted into (14) giving an expression 


for the observed spectrum in terms of channel number X, 
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This expression was fit to the observed time 
spectrum by a non-linear least square technique (B5, M8) 
on a digital computer. B,, Bo; (vey) » 0 (vyz,) and the 
normalization were variable parameters while Vz, = 1.360 
cm/nanosec., Vy = 1,023 cm/nanosec., (To), = 2,37 nanosec., 
(To) oy = 1.77 nanosec., and D, = 21.89 cm were held 
constant. The values of V and ahs were calculated from 
the measurement of energy loss through the nickel film 
and Dj was obtained by direct measurement. 

The values of By and Bo obtained from the curve fit 
were then utilized to calculate the T corresponding to 
each setting of the delay box by substituting into (15) 
the observed X corresponding to each setting on the 
delay box, 

A representative set of data and the corresponding 
fitted curve are shown in Figure 13. 

To estimate the error involved in substituting a 
for T, in equation (14) the standard deviation of T5 was 





calculated, 
G(T) = | F(vo) = = T(v5) (16) 
vs 
In the case of a heavy fragment striking detector #2 
((T>) = 0.194 nanosec. and for a light fragment 


( (To) = 0,835 nanosec, Since the fitting procedure gave 
WS S76 ap islay a Tie To, the error in relating feance. 


was of the order of ioe Therefore, it was reasonable 
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to set the uncertainty of T equal tot0O.1 nanosec, or 
+1.0% since T was of the order of 10 nanosec. for these 
observations, 

Therefore, the total systematic error in the time 
scale due to non-linearity and the method of standardization 
was Pi 4d, The random error in the time scale was negligible 


by comparison, 


4, Setting the Single Channel Analyzer 

As mentioned briefly in IIT-A-3a the single channel 
analyzer as part of the coincidence system provided the 
selection between light and heavy fragments. The decision 
as to how the window should be set was subject to two 
conditions: it should be set symmetrically on either 
the light or heavy peak and the width should be chosen 
narrow enough to give the desired selectivity but not so 
narrow as to needlessly reduce the coincidence rate, 

Figure 14 shows a typical fission fragment spectrum 
from detector #2 with three possible window selections 
for each peak. The experiments with detector D-l all 
employed the window designated by 3/4 while the experiments 
with D-8 used all three window widths at one time or 
another, 

Within the accuracy of the experiments there was no 
difference in the observed results for the different 
window widths employed for detector D-8, This is evidenced 
by the fact that all the calibration points fell on a smooth 
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curve (see Figures 32 and 33, Section III-A3). 

In order to achieve consistency in setting the window 
of the single channel analyzer, the window edges were 
defined in terms of the arbitrary pulse height units of the 
mercury pulser. This was accomplished by observing the 
cr fission fragment spectrum with detector #2 and 
converting the channel numbers of this spectrum to pulse 
height units via a linear relation between the two. This 
relation was obtained from a least square fit of the 
results of pulser observation made both before and after 
the fission fragment observation. The pulser runs 
consisted of a series of peaks corresponding to selected 
pulse heights, observed under identical electronic 
conditions as the fission fragment spectrum, 

This procedure of defining the window edges was 
repeated after about each twenty hours of operation to 
monitor the effect of radiation damage to detector #2, 
Only minor (<1.0 MeV) in detector response were observed 
between checks, 

To set the window for an experiment, the pulse height 
corresponding to the lower window edge was set on the 
mercury pulser. The rate of gating pulses from the 
single channel analyzer was observed with a scaler and the 
threshold of the analyzer adjusted to reduce this rate to 
one half the repetition rate of the pulser. Then the 
mercury pulser was set on the pulse height corresponding 


to the upper edge and the window width of the analyzer © 
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adjusted to again reduce the count rate by half. 


5. Alpha Calibration 

Both detectors, D-1 and D~8, were calibrated with 
alpha particles to give a comparison with the fission 
fragment calibration curve. This was accomplished by 
observing the pulse height response of the detectors to 
the alpha particles emitted by amet and Cree 

The procedure was the same as that for pulse height 
observation of fission fragments except that there was 
no coincidence requirement and the counting time for each 
alpha run was only fifteen minutes, Because of the 
relatively short counting time, the pulser standard 
runs were done before and after each set of five alpha 
runs instead of after each individual run as in the 
fission fragment experiments, 

The source to detector distance for the alpha 
observation was about 3 cm. No effort was made to 


collimate the particles, 


6, Sehmitt Calibration 
It was desired to compare the fission fragment 
calibration curve obtained in the present experiments with 
that obtained from the Schmitt (S3) calibration procedure. 
To this end, the complete undegraded fission fragment 
pulse height spectrum from the bare cree source was 


observed with detectors D-&8 and D-1 at a path length of 


Le 
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3 em. Three separate runs of about one hour in length 
yielding several thousand counts at each peak were made 
for both detectors. Each fission fragment run was 


preceded and followed by a pulser run, 


7. Saturation Curves 

A number of authors (Bl, S1, K1) have reported a 
field dependence of the pulse height response of 
semiconductor detectors to fission fragments. Therefore, 
the detectors were checked for such an effect, 

Observations were made of the light and heavy 
fragments separately at bias voltages ranging from 
50 - 300 volts, The results of these observations are 
shown in Figure 15 for D-1 and Figure 16 for D-8, 

Detector D-8 shows a relatively constant response 
over a wide range of bias voltages, On the other hand, 
detector D-1l exhibits no flat portion and Shows signs of 
charge multiplication at a relatively low bias voltage. 
This is the type of behavior described by Walter (W3) 
which apparently is due to tunneling injection through 


the oxide layer on the.surface, 


8. Timing System Trigger Shift 
The standardization of the time scale was based upon 
the flight times of undegraded fission fragments. It was 
found that for degraded fragments, triggering of the TPO 
shifted relative to the time of arrival of a particle at 
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the detector. This time shift corresponded to as much as 
1.5 Mev in the final calculation so a correction was 
necessary. 

The magnitude of this effect was determined by 
comparing time-of-flight observations made at two 
different path lengths from the source to detector #1. 
Observations at a short path length D,', yielded 


T= Dy (a) + % + Tsyrrer ay 
and at the normal path length D, = 21.89 em 
f=] fat 1 a 
T - D a. 44 7D 1 
1 =} + T2 + Tyrer (17) 


T, T' is the average time interval seen by the 

= TPHC $ 

Tr is the average flight time of fragments to 

detector #23 

Topper is the triggering shift relative to the 

—— undegraded case; 
& \4s the average reciprocal velocity of fragments 
Vy striking detector #1, 





For observations with D-1, D,! = 1.34 em and with D-8, 
D,' = 1.23 em, Since by definition Topypm = 0.0 for the 


undegraded case 


to ae om 
qo Dy eee é par (18) 
T = D 1 
O —— i 

(ss) + & (19) 

where the subscript o corresponds to the undegraded case, 

Subtracting (18) from (16) and (19) from (17) gives 

fe 

ral ™t -« t 1 il 
a=! = my" | (2)-(2) 


v,,0)}|+ *SHIFT (20) 
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(20) and (21) may be combined to give 


(7 = i) = (Tt. Ww (22) 
Dy = Dy! 


forme = ta To. 7 Dy 


7 - 7! and the average pulse height resposuse of 
the detectors were observed for thelight and heavy 
fragments separately with several different thiclknesses 
of "Mylar" absorber covering the source. These results 
are plotted in Figures 17 and 18 for D-1 and Figures 19 
and 20 for D-8,. This data is summarized in Tables VI 
and VII. 


Values of T - 7 and T! - T! taken at the same 


V 
as a function of pulse height. 


pulse height (and thus the sane (7 were substituted into 
(22) to calculate Tontep 
The results are plotted in Figure 21 for D-1 and Figure 
22 for D-8, 

The unusual shape for the trigger shift with 
detector D-8 is probably due to the fact that the rise 
time of the pulse is decreasing as the energy decreases 
(see Section III-B3). This tends to counteract the 
trigger shift caused by the decrease in the pulse 
magnitude towards the triggering level of the time 
PLCKOnt surat te 

9. Calibration of Absorbers for Rise Time 
Measurements 


The energy of aro" fission fragments after passing 





TABLE VI 


Results of the Observations of Tt - T ! with 
Detector D-1 (Di! = 1.34 em.) ° 


" Mylar" _ ae a Frag. 
reais) agai eoteSs.) laveieeume _ 
es -|- + 
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TABLE VII 


Results of Observations of T!.- T ! with 
Detector D-8 (D,' = 1.23 &m.) 


"Mylar" _ = = r Frag, 
atl) feeen.) farses?) (acento ail 
t : : 
0.00 14.77 0.03 0.0 4,25 0,03 H 
0.15 14,00 0,03 0.77 0.04 2.32 0.01 H 
0,25 12.90 0,04 8 OsOE 1.07 | 0, Oinmuee 
0,30 12,98 0.05 Deno) Ons, 1.04 0.01 H 
CoD 12.29 0.08 2.48 0.09 0.62 Once 
0.40 ARO O.09 S15 1 0) 0S O,41 Ogcitieen 
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0.50 GSO; 0). LO 4.4L 0.10 0.35 0.01) Seu 
0.00 15.94 0.05 0.0 5.92 0.03 L 
Onl 15.33 0.04 Oxi O01 S501 0201 Nae 
0,25 14.70 0,03 1,24 0.06 1,92 0.01 :ge 
0.30 17o 60.04 1.48 6.65 1.87 O.0l See 
Orcs: Ve On OG 1.50 0.08 1.153 0.0 aes 
0.40 13.68 0.06 2.26 0,08 0579 “CCl 
0.45 16) 5 AES tO) OKs Bale One 1.23 OC l am 
0.50 eee =O, 06 2.02 Once 0.70 O:Ol amr 
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through each of the five permanent films (see Section 

II ~ A5) was measured experimentally with detector D-1 
and D-8. ‘The procedure and calculations for these 
measurements were identical to those described in 
Section II-Dla and Section IITI-Al, With the resulting 
values of PH and the calibration curves for the detectors 
(see Section III-A3), the average energy of the fragments 
after passing through the films was obtained. The 
results of these observations are listed in Table VIII, 
The energy values determined with the two different 


detectors agree to within experimental error, 


Dewees FOCeaure 
1. Detector Calibration 
(a) Pulse Height Observations 

Paired measurements of pulse height and time-of-flight 
were made with various thicknesses of "Mylar" film 
covering the source on the side facing the detector to be 
calibrated. The procedure was identical for each of the 
"Mylar" absorbers, With the absorber in place the cell 
was evacuated to 0,01 mm Hg or less and the electronics 
set up for pulse height observations. A series of runs 
consisted of observing the light and heavy fission 
fragment peaks separately with several different window 
widths on the single channel analyzer, which analyzed 


the output of detector #2. 





Results of Energy Calibration of Films for 


Film 


15-1 
151 
25-1 
25-1 
30-1 
30-1 
35-1 
35-1 
4o-1 
hon 


TABLE VIII 


Rise Time Measurements 


Fragment 


Light 
Heavy 
Light 
Heavy 
Light 
Heavy 
Light 
Heavy 
Light 


Heavy 


Detector D-1 


PH 


So 
Zz sil 
1.93 
a ee 
es 
0.91 
rey: 
0.62 
0.70 
0.40 
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Cie 
ays 
39.0 
ete 
Bene 
22.0 
2B ff 
16.2 
16,4 
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Detector D-8 


ast 


5 (S 
25 
2,05 
1,24 
1.64 
Gn i/ 
alone 
0,68 
Omran 
0.43 
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67.0 
48.7 
39.0 
27.0 
5250 
21.7 
24.0 
iene 
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a0 
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Prior to each run the pressure and temperature of 
the vacuum system was recorded and the amplifier gain 
of the electronic system was adjusted to bring the fission 
fragment pulses from the detector within the range of 
the multichannel analyzer. No further adjustments were 
made during the run, 

To start a run, the detector was disconnected from 
preamp #1 and the mercury pulser connected to the pulser 
input of the preamp. The pulser was operated at 120 
pps and about ten pulser peaks were stored into the 
analyzer with a counting time of 30 seconds for each one. 
The pulse height setting of the pulser was recorded for 
each peak, The range of pulse heights was chosen to 
overlap the expected range of fission fragment pulses. 

While the contents of the analyzer memory was 
transferred to punched cards the pulser was connected 
to preamp #2 and the window of the single channel analyzer 
set as described in section II-C4. This completed, the 
pulser was disconnected, the detectors connected and the 
fission fragment run started. 

The fission fragment run counting time varied between 
one amd two hours depending on the coincidence rate. 

This rate was between 40 and 100 cpm. The coincidence 
rate increased with an increase in window width and 
decreased somewhat with increasing "Mylar" film thickness, 
presumbaly because of scattering. 


At the conclusion of the fission fragment run the 





ae). 
contents of the memory were transferred to punched cards 
and then a second pulser run was made, The procedures 
here were the same as that described above except that 
the pulse height settings of the pulser were selected 
to fall in between those of the first pulser run. 
(b) Time-of-Flight Observations 

The electronic system was set up as shown in Figure 
3. Before each run the cell pressure and temperature were 
observed and recorded. With the detectors disconnected 
and the mercury pulser triggering the time pickoff units 
at 120 pps, a series of peaks was observed by varying 
the time difference between the start and stop pulses 
with the delay box. Storage at each delay setting 
was for 30 seconds. The range of delays was chosen 
to overlap the expected fission fragment flight times. 

Upon completion of the delay box run, the window 
of the single channel analyzer was set, matching the 
time-of-flight run with a pulse height run done with 
the same window width and absorber. 

This completed, the fission fragment run was 
started and just as in the pulse height case, the counting 
time depended upon the coincidence rate, The coincidence 
rate for time-of-flight runs was within a few per cent 
of the rate for pulse height runs done under the same 
conditions, 

Finally, a second delay box run was made, identical 
to the first. When a whole group of time-of-flight runs 


were made sequentially, this second delay box run served 


“\ 
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aS the initial delay box run for the following fission 
fragment run, 

The procedure described above was followed for the 
determination of the trigger shift of the timing system 
at the reduced path length Dh (ef, Section III-1b). 

The only change was to reduce the counting time to a 
few minutes because of the much higher coincidence rate 


at the short path length, 


2. Rise Time Observations 

The procedure for the rise time measurements was 
first to adjust the display of the oscilliscope to 
display the pulses from the detector, The analysis of 
the data required that the display include a significant 
portion of the base line to establish the Zero point 
and a portion of the pulse tail to establish the maximum 
point. With the display set, the time scale of the 
multichannel analyzer was established in nanoseconds/ 
channel by making a series of observations of pulses from 
the pulser with various delays introduced by the delay 
box, The pulser was operated at about 100 cps and data 
was collected for one minute at each delay setting. 

With that completed, the observations of fission 
fragments commenced, One type of experiment was to 
observe the rise time of the detector pulses with no 
coincidence requirement, Observations were made at bias 


voltages between 50 - 250 volts at each different 
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absorber thickness, After completing the series of 
experiments on a single detector the time scale was 
checked again with the pulser and delay box, It was 
found that the scale drifted less than 2.0%. The counting 
time in the above experiments varied between two and 
twenty minutes for each individual observation. The 
longer times correspond to low energy and low bias 
voltage observations with a greater signal to noise ratio, 
A second type of experiment was attempted whereby 
the median light and median heavy fragments could be 
observed separately with the coincidence circuit in 
operation. It was found that in the coincidence mode, 
smoothing of the average pulse in the multichannel 
analyzer was not as good as in the non-coincidence mode 
and therefore individual observations took a good deal 
longer. In fact, it was found that in the coincidence 
mode smoothing comparable with the non-coincidence mode 
was not obtainable. This indicated a basic imperfection 
in the coincidence circuit. In view of the long time 
required for the coincidence experiments the time scale 


was checked after each individual observation, 


Ore 


III. Results and Analysis 
A. Pulse Height and Time-of-Flight 
1. Analysis of Data 

The raw experimental data were the form of punched 
cards listing the number of counts stored in each channel 
of the multichannel analyzer, All subsequent calculations 
were performed on a digital computer. 

The experimental data observed for various absorber 
thicknesses were used to caleulate a set of points, (PH, E), 
for both median light and median heavy fission fragments. 
A smooth curve was drawn through these points yielding 
Micmecsrmeca calibrarlon curve forstne detector, 

The calculation of PH involved the computation of 
the first moment of the observed fission fragment pulse 
height spectrum and expressing the result in pulse 
height units. The first moment was obtained from the 


Simple expression 
X 2 EN(X)x 
S N(X) (23) 


Here, X = channel number 
N(x) = number of counts in channel x. 


The summation was carried out over the entire spectrum, 

A linear relation between pulse height and channel 
number was computed from the observation of mercury 
pulser peaks corresponding to selected pulse height settings 
on the pulser. These pulser observations were made 


before and after each fission fragment run to minimize 
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the effect of drift. The average channel number of each 
pulser peak was calculated from equation (23). In this 
case the summation was taken over each peak individually. 
These observations of (PH,, X,) Cie: G1 hheront soumoc 
peaks were fit to the linear model 

oe Be meH tC (24) 


by the method of least squares, in which case (B3) 


B- "Sk ae (25) 
a (PH; - PH) ' 
ae es 2” PH, 

Ca isix, .Be tei * (26) 





k k 
Equation (24) was inverted to give 

PH= (xX -c)/B (27) 
and the X calculate from the fission fragment spectrum 
substituted in to give a prediction of PH for that 
particular observation. The uncertainty of the 
prediction was calculated from an expression given by 


Brownlee (B3) 
7 


notre 


ae een (28) 
S (PH) = l+ifk +e | 


‘ Boy (PH, - PH)* 
where t is Student's t for (k-2) degrees of freedom and 
pelomUNesVarrdnce —eStimate. 
There is an additional uncertainty in PH due to the 
fact that only a finite number of events were observed, 
Therefore, the true value of X is only known to within 


£1.96 7 (x), N, the total number of events observed, 


, 


YN 
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was in all cases greater than 2500 events. The total 


uncertainty in PH is 


f (PH) 


hrs 


Ps . : 
d (PH)2 4 f1.96_ = (x)\ (29) 


TOTAL UB it ) ; 
In all cases this uncertainty was less than 0.03 pulse 
height units, corresponding to 0.5 Mev. 

Energy values were calculated from the time-of-flight 
data from the approximate expression 

E = Oe olc A Ve ; (30) 
E is the average energy in MeV; A is the average mass 
in amu and V° is the average square velocity in 
(cm/nanosec.)°. 

For the median light fragment A = 106.0 and for 
the median heavy fragment A = 141.9. These are the post 
neutron emission masses observed by Schmitt, Kiker and 
Williams (S83). It was appropriate to use the post neutron 
emission values since neutron emission occurs within 
4x 10714 secs of fission (Fl) and therefore, the energy 
of the particle striking the detector is that associated 
with the post neutron emission mass. 

The quantity Ve was calculated from the observed 
time-of-flight spectrum as follows. The first moment of 
the spectrum was computed from (23) which gave X, This 
was expressed in units of time via a linear relation 
between time and channel number calculated from the 


observation of delay box peaks before and after each 
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fission fragment run. The calculation of the linear 
relation was identical to that done for the pulser runs 


except in this case the result was an expression 


T = (x = oiyeeee (31) 


Substituting X from the time-of-flight spectrum gave 
a prediction of T, the average time difference observed 
by the time-to-pulse-height converter, The average flight 
time to detector #1 over the flight path D, = 21.89 em : 
was 


TETt% + Topper (32) 
To was the average flight time to detector #2 over the 
flight path D, = 2.37 em of the sister fragments to those 
striking detector #1. > was determined from the 
expression 

T, = Do (=) v2 a4 | oe) ‘7 , (33) 

vel ve C | % | J 
Vo was known from the calculation of energy loss within 
the source and J (V5) was taken from the results of Schmitt 
et al (S3). For a heavy fragment striking detector #1: 
Vo = 1.342 cm/nanosec,, O(V.) = 0,0693 em/nanosec., and 
To = 1.76 nanosec. For a light fragment striking detector 
yell ‘Us = 1,007 em/nanosec., 0 (Vo) = 0.0831 cm/nanosec., 
and T, = 2,37 nanosec,. 
Teptrr was the correction for trigger shift as the 


fragments were degraded. This was calculated for the PH 
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corresponding to the particular time-of-flight run being 
analyzed as described in Section III-Al. 


In addition to Tj, the standard deviation of 1,, 


aE! 


O (7), was required for the calculation of Via 
(34) 
2 (T,) = g@(r)+ 7 * (2) + 2 p (P, Tp) HT) AF.) 


p(t, T5) is the correlation coefficient between T and 


Jk This quantity was estimated from the velocity data 


Boe 
of Milton and Fraser (M4) as p (fT, fT) = 0.5.0, = (eene 


directly from the observed — spectrum and TT) was 


D 
calculated from O*(T,) = = sae “G2(v, ) using the values 
ve 


of Vo and Q- (V,) given above. 
In order to calculate Vv, 
expanded in a Taylor series about T 


the expression for whe was 


aL 


2 (35) 


2 1 T- 


T° Te 7,3 e eee? 
Keeping terms to the second order and taking the average 


of both sides yielded 


v4" ‘hee 143 = 


2 = 36) 
Ty Ty \ 


The values of ey and a (Ty) obtained above were 


substituted into this expression to give v,° which in turn 


was substituted into equation (30) to give the average 


Cle ty ein 


Starting with equation (30) the uncertainty in energy 


te 


a ¥ 





A? (oom 
was calculated. 


é°(z) = 
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ELS? (a) 


Vo 


sam ce (37) 
=$ [ona Jd (ve) +. [0.518 ve| ane wh 








Jf (A) ~ *o.4 amu (83) and J (v,") was calculated 
52) [2 |e | av [52 
Vy) A 7 fp imo 
1 Sa (T,) + Te (0) (38) 
p20 =f af of a ice py ‘i yt aie s(0)). 
a 


ee 
J (6(%)) was obtained from equation (34) C setting 


pA, i) at the extreme limits of O and+1 


The 
uncertainty in Ty was calculated. 
“(t.) = aac) Ge ea: (39) 
ut es OTAL : Be is SHEET 


Tt was estimated that {(T5) = 0,01 nanosec, and 


J (Tapraq) = 0.1 nanosec, while the calculation of 
OMCL ene was identical to that done previously for 
cS (PH) morar, (ef+ equation 29) with the addition of an 


extra term for the uncertainty of the time scale 
e. Average Mass Approximation 


The average energy was calculated from 


E = 0.518 A oe (40) 





3 = 
which i8 an approximation to the correct expression 
E = 0.518 (av) (a) 


It can be established from the data of Schmitt (S3), 
Whetstone (W1), and Milton and Fraser (M4) that for 
undegraded fission fragments, equation (40) gives the 
correct values of energy for the median light and median 
heavy fragments to within + 1.0 Mev. 

This agreement can be explained by rewriting equation 
(40) and (41) as sums and comparing them term by term, 


Equation (40) becomes 


ee 
E = 0.518 f 2tvi N(v3) 2) 
Np 
and (41) becomes 
ne se Gy 2 
E = 0,518 — Vy) va N(va) Cs) 
Nip 


N(v,) is the discrete frequency distribution of the 
velocity as observed with a multichannel analyzer; Nm 

is the total number of observed events and A(v,) is the 
average mass of the fission fragments for a given velocity 


Vas These two equations can be subtracted to give 


= > [= = 1» 
QE= 0.518 “i [4 = Alva) | va? w(vy) (41) 





Nop 
Figures 23 and 24 show A(v) for the light and heavy 


fragments respectively. These curves were calculated from 
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the data of Milton and Fraser (M4). A(v) fits a linear 
model quite well over the individual mass peaks. Also 
Ay) A. This, along with the apparent symmetry (W1) of 
N(v,)> results in cancellation of the terms of the opposite 
sign in equation (44), explaining the relatively good 
agreement between (40) and (41). 

Of course, there is no assurance that the same 
agreement holds true for degraded fission fragments. 
It is important to note though, that SE is proportional 
to Vv", which will tend to decrease ¢ E independent of the 
degree of cancellation of the terms in the sum, 

The degree of cancellation will be affected by the 
dependence of dv/dxk upon the mass. The theory of Lindhard 


(L1) for @v/dx)elec. gives the mass dependence as 
a 


Z1 
2 2 
Roo = ey 2 3/2 (45) 
A 2, ate Zen We 
24 is the atomic number of the incident particle and 


Zo is the atomic number of the stopping medium, The mass 
dependence implicit in Z4 can be calculated from the theory 
of equal charge displacement (G1). F(A) is plotted in 
Figure 25 showing a smooth, relatively minor (10% over 

each individual peak) dependence of dv/dx upon the mass. 
(dv/dx) nuclear —=5 (El), which in the range of interest 
is very nearly independent of the fragment mass. For both 
the light and heavy fragments the variation of dv/dx over 


either the light or heavy peak is only about 10%. Therefore, 
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it seems reasonable to assume that the joint distribution 
of mass and velocity maintains its shape as the fragments 
are degraded. An indication that this is indeed so is 
provided by the fact that the velocity spectrum for either 
the light or heavy fragment remains symmetrical even 
for the lowest energies observed. Figure 26 shows the 
velocity distribution of light fragments with median 
energy E = 11.2 MeV and Figure 27 shows the velocity 
distribution of heavy fragments with median energy 
E = 6.8 Mev. 

From consideration of all of the above factors the 
error introduced by the average mass approximation was 


estimated as + 1.0 MeV for all energies observed. 


3. Results 

The results of the fission fragment calibration by 
the time-of-flight techniques are given in Table Ix 
for detector D-1 and in Table X for detector D-8. It 
is impossible to give exact confidence limits due to 
estimated errors (see Sections III-A2 and IIC-3), however, 
the errors indicated in the table probably represent 
95% confidence limits. The calibration points are plotted 
in Figure 28 for D-1 and in Figure 29 for D-8, 

The results of the alpha particle calibration for 


D-1 was 


E,, = 17.09 (PH) (46) 
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TABLE IX 


Results of Pulse Height and Time-of-Flight Observations 
with Detector D-1l 


"Mylar" Frag. Type E PH 
oy ae (iro 
0.0 H {ono 253 B69 O02 
Calas H 41.5 1.6 iO ( Onen 
0.25 H 2350 142 1.00 0,02 
0.30 H Deno. ieee O.97 OOH 
O%35 H 143 1.1 0555: Onen 
0.40 H elele eel O283 Ono 
0.45 H Hie) eal 0258) Ores 
0.50 H IG: 0 Orsi sonom 
0.0 L HOO 5 Sirah 5.52 0.02 
0.15 L Sh = Bye B26: | ORon 
Ones if SoG il yas iyo "roe 
0.30 L 36.7 1.1 1576 2O.0n 
Oss L PEROr ine iL Os) © 
0.40 L V(t a 0.75 “O,en 
O45 L (ais Tedd cal OF (6 O01 
0.50 L Tone ee O267 Sone 
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TABLE X 


Results of Pulse Height and Time-of-Flight Observations 
with Detector D-8 


"Mylar" Frag. Type E PH 
—— ri aca 
0.00 H 77.6 2.4 4,28 0.02 
0.00 H {ee 3.1 4,20 0.02 
0.00 H Hono, Sal 1220  SOno2 
0.15 H 44,3 1.9 2.20 0.02 
OLS H Aun 61,8 Pee S OnOe 
0,25 H 24.7 1.2 1.13 0,02 
0.25 H ene ee WE 1) (08 
0,30 H Pil Dee ae 0.93 ~Onen 
Oss H 1S Wee 0.62 0.01 
Oe> H Sele teed 0263 ‘oO 7eH 
0.40 H ali a ape la 0.43 0.00 
0.40 H Ono) ae Ona) en0n 
0.40 H 1O GS wala! 0.43 0.01 
0.45 H 9.0 1.1 On85 9 0.00 
O50 H Tiles Oh 2s) OKO 
0.50 H OS el 0 Oce3 0200 
On59 H fied AG. 0.24 0.00 
0.00 10072 sees 5.94 0.01 
0.00 NOs 20 5.93 0.03 
0.00 BO He Shot 5.09 Bogan 
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TABLE X continued 


"Mylar" Frag. Type E PH 
~— (Mev) (Arbitrary) 
‘ 

© oils L 66.3 2.1 3,63 [Onc 
OSHS, L S50) al 3.59 0.01 
0.25 L Some. ae 2.0 (0.02 
O25 L 39.2 1.5 2205 Ocul 
0.30 L SS ee Fis, Nea (2 (8 02 
O35 L 23,5 01.2 1.1 o One 
O85 L 23.4 1.4 1218 One” 
0.40 L Wick That 0.84 0,01 
0.40 L IES ALES 0.83 0.01 
0.40 L Vise “Wee 0,64 6,00 
0,45 L py al IL 0.66 0.00 
0.50 L TAS 0 0.52 0,00 
O72 50 L AE aie gilt O.49 0,00 
0.50 L Li es 0.49 0,00 
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oe 
The alpha particle calibretion of D-8 gave 


1D Sy ANG eas) sien (47) 


The Schmitt calibration of D-1 gave 


Ey = 18,17 (PH) + 6.14 (48) 
Ey, = 17.37 (PH) + 5.76 (49) 


while that of D-8 was 


Ey 17.05 (PH) + 5.11 (50) 


E 


7 16.29 (PH) + 4.77 (en) 


Hmiese calibration iines are plotted along with the 
time-of-flight calibration for comparison in Figures 
30, Bibs Soa Sei 

Figure 34 shows the pulse height defect as a function 
Of enerey for botn detectors, No correctiens havesbecen 
applied to the experimental curves for either gold film 


Ose) OF Piel d dependence of the pulse nelenreresronae. 


eee Eline 
1. Analysis of Data 
The data for the rise time experiments was in the 
form of punched cards listing the channel number X and 
the number of counts in channel X, N(X). These were 
read into a digital computer which fit the data to a 


polynominal by non-linear least squares (B5) 





FIG. 30 
COMPARISON OF ALPHA CALIBRATION 
AND SCHMITT CALIBRATION WITH 
THE TIME-OF-FLIGHT CALIBRATION 

407 OF D-1 FOR MEDIAN HEAVY 
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f£(X) = B X = B, 
F(X) = By +B, (X = Be) + B3(X = Ba)” + B, (x _ B,)° 
(52) 
4 6 8 
+ Be (X Se Be) + Br (X <a Be) 4 Be (X - Be) 
X 7 B, 


All the B's were variable parameters, A typical fit is 
shown in Figure 35. Having obtained the B,'s, the 
maximum point of the curve was calculated by setting 
f£'(X) = O and solving for X. This was accomplished by 


several iterations of the Newton-Raphson formula (M6). 


Xo - Xo = f' (X,) / f' (X,) (53) 


x, was the value of X which maximizes the function f(X) 
defined in equation (52). The 10% and 90% points of the 


curve were calculated next 


A, = 0.1 (f (X,) - By) + B, (54) 
An = 0.9 (f Oey - B, ) + By (55) 
Xy and Xo were obtained by iteration 
os % - * Mae (56) 
f' (X,) 
(oi 
2 xX Se Oe 


Finally the distance between the 10% and 90% points was 


calculated 


LN pe Xo Pp Xy (58) 
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To convert £\y to time, the time scale of the system 
was determined 3° nanoseconds per channel from the pulser 
observations at different delay settings. A typical 
pulser run is shown in Figure 36. The midpoint of the 
leading edge was calculated by separately averaging the 
counts in the base line and the flat top of the pulse 
and then averaging the two. The channel number corresponding 
to the midpoint was determined by interpolation. This 
calculation was carried out for each delay setting of a 
given series of pulser runs yielding a set of channel 
numbers (X,). The time corresponding to each delay setting 
was known to within a constant from the calibration of 
the delay box for the time-of-flight observations. The 
set of points (T,. X,) was fit by a linear least square 
model (B3) 


X = BeT+oC . (59) 


The value of B thus obtained was employed to 


calculate the rise time from 4X. 


is Sey Aee (60) 


The error in 4X was estimated from the uncertainties 
in the curve fit. The fitting program (B5) produced 
upper and lower bounds on the Bs corresponding to 95% 
confidence limits. The upper and lower bounds for By ; 


the base line. were used to calculate the uncertainties in 
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FIG. 36 
TYPICAL DATA FOR A 
PULSER PULSE 
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the values of A, and A, corresponding to the 10% and 90% 
points respectively. It was assumed that the error in 
the value of the maximum point was approximately equal 


to the error in B, > and independent of B, - Thus, 


JA, = 0.9 dB, (61) 
The error in Xx, and Xo is given by 
X, = WE 
J i: J i/ (X, ) (62) 
. = i 
J, = Ey / my (Ge) 
Finally the uncertainty in Ax was calculated, 
Flan = | du?+ J xp | 2 (63) 


Generally the uncertainty was about t 10% but in some 


cases it was greater. 


2. Calculations 
The calculation of the plasma time from the observed 
rise time was similar to the calculation of Meyer (M5). 
It was assumed that all contributions to the rise time 


Were iIndgdepenaenu, VYievdine 


2 


= 2 64 
te = tage ee tno eee (64) 


where tH is the observed rise time; Cro is the RC time 
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constant of the detector-amplifier combination; th is 
the rise time of the vertical amplifier of the 
oscilliscope and th is the plasma time, This formula 
differs from Meyer's (M5) in that there is no separate 
contribution from the charge collection time. This 
factor is lumped in with Les as was done in the theoretical 
discussion in Appendix A, 

Meyer (M5) gives the equivalent circuit time constant 


as 


"RC (40. 909) = 2.2 Ry (Cy ag Cg) 

R, = */A(T - a) (65) 
d 

Cy = Cp (aa) 

C, = CpCa/ (CRt Cy) 


C, is the input capacity of the oscilliscope; Ryz and Cyz 
are the resistance and capacitance of the undepleted 
detector material and Cy is the capacitance of the 
depletion region. TT, the thickness of the silicon slice; 
A, the area and P , the resistivity were obtained from 


the detector manufacturer. C.. and d were obtained from 


B 
a monograph (B4) as a function of bias voltage. Cy, = T7pf, 
from the manufacturer's specifications, The manufacturer 
also gave the rise time of the vertical amplifier, 

aN (10 aso) = 0.35 nanosec, tpa was calculated from 


equation (65) and combined with t, in equation (64) to 





O77 = 


give the minimum rise time as a function of bias voltage 


~ 2 24 - 2 2 
rant fab P= [tnt + 8] 


These calculations are summarized in Table XI for detectors 


D-9 and D-10. 


(66) 


Nie 


Finally the plasma time was calculated from the 


observed rise time by transposing equation (66) to give 


(67) 


cr 
ry 
tt 
al 
=y 
NO 
t 
cr 
= 
5 
NO 
ee 
pole 


3. Results 

The results of the rise time measurements as a 
function of energy and bias voltage are given in Tables 
XII and XIII for detectors D-~9 and D-10 respectively. 

The observed rise times for D-9 and D-10 are plotted in 
Figures 37 and 38, The calculated plasma times are 
plotted for D-9 in Figures 39 - 41 and for D-10 in 
Figures 42 -44, Straight lines of slope 1/2 and 1/3 have 
been drawn through each set of points. 

The results of the coincidence measurements with 
detector D-9 are given in Table XIV and the observed rise 
times plotted in Figure 45, These observations were made 
at a bias of 250 volts. Figure 46 shows the dependence of 


the calculated plasma times upon the applied field. For 
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undegraded fission fragments, based on the data taken 


without coincidence requirements. 





Summary of the Calculation of Tin as a Function of 


V 


(volts)(microns) (pf) 


25 
49.4 
(Sale 
M2250 
ils. o 
Bee. 


28,2 
Syaaah 
(OE 
26. / 
eee 
225.1 


TABLE XI 


Bias for Detectors D-9 and D-10 


fe 


64 
90 
110 
140 
170 
190 


80 
108 
130 
169 
198 
221 


Cp 


D=-9 


170 
120 
96 
UE 
64 
a5 


D-10 


137 
100 
82 
64 
54 
48 


& Cs 

(pf) (pf) 
= 660 ohm-em 
24.5 6.74 
25.8 6.60 
26.5 6.52 
asi (6 6.41 
Bone eeu 
32.9 tee 
- 900 ohm-cm 
25.6 6.66 
PIL AC. Cye 
28.2 6.44 
3120 Se Sil 
34.5 6.19 
36.9 ey UC, 


Ry 


(kilohm) (nanosec) (nanosec) 


293 
en 
262 
243 
G25 
210 


386 
360 
340 
305 
a 
258 


tro 


e20n 
ba Sil 
1.90 
aNey 
1.86 
Lael 


2.74 
20D 
ZOO 
2150 
ese 
2.44 


2 
qT min 


4,92 
4.75 
4 48 
4.37 
4.33 
4.15 


eneo 
7.90 
oo 
7.12 
‘(nee 
Gries 





TABLE XII 


Results of Rise Time Observations with Detector D-9 


Film 


NF 
NF 
15-1 
15-1 
25-1 
25-1 


NF 


NF 
15-1 
15-1 
15-1 
15-1 
25-1 
25-1 
eon 
25-1 
30-1 
30-1 


Bias 


25 
oy 
25 
4,94 
25 
49.4 
(SEE 


122.8 
eae. O 
Ce ee: 


(S56 


F2ei0 
171.8 
event aal 


73.6 


122.8 
gales: 
Zee a 


(ere 


2256 


10.34 


6.65 
8.12 
DOgs, 
5.44 
5 ne. 
Das 
4.18 
3.66 
Saul 
4.57 
3.46 
Seco 
3.07 
3.34 
Bee 
ou 
2.88 
SS 


See 


Tp 
(volts) (nanoséc.) 


5 


0.8 


Oz3 
0.8 
On5 
LO 
0.8 
Oa5 
One 
Of 
Orval 
O.4 
Ogee 
0,2 
One 
OF 
Oa 
0.2 
0.2 
OS 
OS 


es 


4.92 
4.75 
4,92 
4.75 
4.92 
4.75 
4.48 
4,37 
4,33 
4.15 
4,48 
4.37 
4,33 
4415 
448 
4.37 
4,33 
415 
4 48 
4.37 


iO), 7 
6,29 
f(osal 
5.54 
4,97 
4,82 
4,68 
S108 
S02 
2.74 
3.94 
ELthS 
BaD 
a BAS 
BINS 
aoe 
1.89 
2.04 
2.56 
2.32 


Tmt Tp 
(nanosec)2 (nanosec) 


+ 
Os) 


Ons 
0.8 
Ons 
1 
0.9 
Ons 
0.2 
Ow 
Ost 
ORD 
0.3 
chs 
ORS 
0.4 
O.4 
Ons 
Orns 
O.4 


0.4 


BE 
(MeV) 


89.9 
89.9 
56.9 
56.9 
3320 
33.0 
89.9 
89.9 
89.9 
89.9 
56.9 
56.9 
56.9 
56.9 
S30 
33.0 
S510 
3520 
te 
27.2 





TABLE XiI continued 


Film Bias T Tris T E 
(volts) (nanosec .) (nanosea) 2 (nandsec.) Mev 
lee 
f 
30-1 le 22 oil Onis 4.33 2504 One 2ae 
30-1 ee al 2.91 0.3 eS 2.08 0,4 et ee 
30-1 25 4,86 0.9 4,92 1433 Gi. © Olan 


30-1 49.4 3206 0.5 Fee ae lo CC 
35-1 (SIs 3.48 0.4 4,48 2.76 0.5 20.0 
35-1 Zen ati ORS 4.37 ne SV OFS 20,0 
35-1 I ALes Peco One 4,33 nS OY) GIES: 2One 
35-1 221.1 ZS Oe 4.15 aS On 20.0 
35-1 49.4 3.16 0oO.4 4.75 Peo 10,0 20.0 
40-1 (3.45 2250 0.4 48 HES S| ORS: ane 
Nom 1 12220 io On 4.37 1,84 0.6 13.6 
HO-1 ils enor) Oss 4,33 1.89 0.6 DSae 
4o-1 Aelia PeHb ye O23 4e15 1.36 0.6 13.6 

NF 73.6 5.41 0.3 4.48 4,99 0.3 89.9 

NF 225 4,29 0.2 437 Bia Og 89.9 

NF ph /sbars 3.82 0,2 4,33 3.21 0.2 89.9 

NF 2a 3.36 0.2 415 2.68 0.3 89.9 


i157 221.1 Bo One 415 2 oe Od 56.9 
25-1 eae 2.88 0.2 4.15 #4 2,CGpsuessee 
30-1 221.1 2.94 0.2 4,15 2,1299C)s eae 
35-1 2 dl EET SO 415°) i, Soon 200 


NF pal sal 3.44 0.1 4,15 2( oe 89.9 
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TABLE XIII 


Results of Rise Time Observations with Detector D-10 


_ tees) ‘narctee..) (nevis .)2 wages (ev) 
+ a 

NF 77.2 «5.50 0.3 7.57. 4076063899 

NF WES 1 le Ome (ne 2 Ons 89.9 

NF LYS LC 3.81 0.2 ae EBS OS 89.9 

NF Cepek Bao “One Gres 2.40 0.3 89.9 
15-1 17.2 4,16 0.3 (foam 3,42 O14 56.9 
15-1 126.7 3.66 0.3 (alle Aesth Oe! 56.9 
15-1 IG Ae 3.47 0.2 (oe 2,22 0.3 56.9 
15-1 Pes 3.27 0.2 6.83 io OmnOn 56.9 
25-1 (He Be50 O64 ESE ee eet 33.0 
25-1 AG. ( Soh Ons Tee IAS) 10)56 33.0 
25-1 oe O ZnO One Cae 1.04 0.5 Seno 
25=1 comet BS ey ess 6,83 ie 5) V Oa 33.0 
30-1 (Ge 2590 SOS 1.57 1.14 0.7 27.2 
30-1 LAO 46 2 Ome eke One2 lee Agee 
30-1 INO) Bic Oss Gene 1.89 0.5 are 
30-1 225.1 2.83 0.2 6,83 OommCn 27.2 
35-1 (RE 2.87 0.4 (S21 Ore2 wires 2Cno 
35-1 MeGe 7 2,86 0.3 Cae IOs One 20.0 
35-1 iW Lorne 2.98 0.3 (ome II OLE 20.0 
35-1 eyes vil 2.74 0o.4 6.83 0.82 1.0 2058 
4Oo-1 tee 2.89 0,3 Tao 0.88 0.9 ae 
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TABLE XIII continued 


Film Bias T., ae iB E 

(volts) (nanoséc.)(nanosec,)© (nanosec.) (Mev) 
“fo 4 

Wo-l «126.7 «2.67 044 = 7012 = 13.6 
Hon Mee O nao) Oe ee = a6 
4O~1 225.1 2.89 0.4 6.83 1 ee osc 13.6 
4O-1 28.2 seo OAS 8.30 2.69 0.9 nhs. (6 
4O-1 Sani BECO OAS 7.90 0.72 eae 
NF (Noe SeolOas (58k beee 1 Cas 89.9 
NF LG AE 4,43 0,2 ane 3.54 0.3 89.9 
NF 176.0 Ae) 0) foe 3.11 0,3 89.9 
NF enn Se Oa 6,83 Antsy Oloil 89.9 
NF 28,2 9.84 0.5 S688 9.40 0.6 89.9 
NE aye al 6.48 0,3 7.90 SoD One 89.9 
isa 28.2 80 O15 S512) (oS 0.55 56.9 
15-1 Bea BOO, Ont 7.90 5.14 0.5 56.9 
25-1 28,2 5.86 1.1 8.38 5.09 1.2 33.0 
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TABLE XIV 


Results of the Tise Time Measurements with Coincidence 
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FIG. 46 
CALCULATED PLASMA TIME 
AS A FUNCTION OF APPLIED 
FIELD DETECTORS D-9 
AND D-10 


o—D-9 
elke 
\ 
S- 
oN 
\ 
N 
\ 
No 
aN 
yy 
xo 
a 
\ 
x8 
= x 9 
x \ 
\ 
qh & ——— 
©5 LO 30 


E x10 (volts/ cm) 





-113- 


IV. Discussion and Conclusion 

A. Pulse Height 

Perhaps the most remarkable feature of the 
calibration curve, Figures 28-33, is the agreement obtained 
with the Schmitt calibration line. The Schmitt procedure 
(S3) is based upon a somewhat arbitrary assumption of a 
linear mass dependence of the pulse height defect and the 
observation of the two energy peaks of undegraded or6?* 
fission fragments. Experiment (S3) has shown that such a 
calibration gives good results at energies encompassed 
by undegraded fission fragments but until the present 
work there was no data pertaining to degraded fission 
fragments and no reason to expect that extrapolation of 
the Schmitt line (S3) to lower energies would be valid. 
However, the present experiments show that the Schmitt 
line (S3) will give good results down to about 25 MeV for 
both median light and heavy fragments. 

At lower energy the curve bends towards the origin 
as might be expected, This portion of the calibration 


curve can be represented by an empirical curve of the form 


PH = a,E" 4 a,E (68) 


The coefficients are determined by the conditions 


q ~ ] 

PH(E ) = PH(E ) soumrrr (69) 
api . FPHsomrrt 

aE ‘aa ae dE 
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E' is the energy at which the true calibration curve 
departs from the Schmitt line. Unfortunately the accuracy 
of thepresent experiments does not permit 2 general 
determination of E', It is apparent from the figures that 
20 = EI <¢ 35 MeV, so possibly a value of E! = 25 Mev will 
give fair results in the general case. Figures 47 end 48 
show the curves calculated with this method along with 

the data points of the present experiment, 

It is impossible to make a detailed quantatative 
discussion of the pulse height defect as a function of 
energy (Figure 34) because of the accuracy of the 
experiments, but some qualatative comments are appropriate, 

Figure 34 which is a plot of the defect versus energy 
Shows the same general shape for both detectors. Between 
undegraded energies and 25 Mev the defect decreases 
Slowly with energy but breaks sharply downward at 25 
Mev. 

Tt is reasonable to expect the contribution of 
non-ionizing nuclear collisions to the defect to decrease 
very slowly for incident particle energies between the 
undegraded energy and 25 Mev (H1). Therefore, the major 
part of the slope of the curves in this region can be 
attributed to decreasing energy loss in the gold film and 
decreasing recombination losses. The data of Moak and 
Brown (M3) indicates that the gold film losses decrease 


by a factor of about two. Recombination losses, which 
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me 
are proportional to E, ml where 2 <m <3 (see Section 


IV-B3), decrease by a factor of about six over the same 
energy range. The gold film losses were estimated to 
be about 0.5 MeV for undegraded fragments but the total 
change in the defect above 25 MeV is greater than 0.5 
MeV which argues that decreasing recombination losses 
are the major source of slope above 25 Mev. 

The greater slope for the heavy fragments indicates 
that these fragments suffer greater recombination losses 
than the light fragments. Miller and Gibson (M7) give a 
relation for the fractional carrier loss due to 
recombination, 

fn 


ee 
dn is the change in free carrier density due to 





= Nev Gd t 


recombination; n,, is the free carrier concentration; 


T 
Np is the density of recombination centers; V is the 
carrier thermal velocity; G6 is the cross section for 
recombination and dt is the plasma time. The coincidence 
rise time measurements (see Section III-B3) indicate 

that to within 10% the plasma time is independent of 

mass which argues that recombination losses are independent 
of mass too. However, the data of Moak and Brown (M3) 

for bromine and iodine ions imply that dFax , the energy 
loss per unit path length, is greater for an undegraded 
heavy fragment than dE/dx for an undegraded light fragment. 
Evidence that this is so is the fact that the valley of 
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the compete fission fragment spectrum becomes deeper 

as the fragments are slightly degraded. This means that 
the heavy fragment deposits more energy near the surface 

of the detector than a light fragment. According to 
Miller and Gibson (M7) the density of recombination 

centers is greatest near the surface of the detector. 

This fact and the fact that the heavy fragment creates more 
carriers near the surface than the light fragment results 
in a greater probability of recombination losses for 

the heavy fragment over the light fragment. 

With regard to the two different detectors, the fact 
that both curves have the same general shape implies that 
the marked field dependence of the response of detector 
D-l was not related to recombination losses. If the 
field dependence of the response of D-1l was related to 
recombination losses then the slope above 25 MeV should be 
much greater for detector D-1 than for detector eon 
The only alternative explanation for the field dependence 
in D-l appears to be that of multiplication. 

This notion could be checked experimentally by 
observing the field dependence of the response of the 
detectors to degraded fission fragments. One would 
expect the dependence of D-1 to be about the same while 
the response of D-8 should show even less dependence on 
field than the undegraded case. 

The possibility was considered that the sharp break in 


the defect curve at 25 MeV was induced by the apparatus, 
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Since as the limit of sensitivity was approached, the 
apparatus tended to discriminate against low energy, 

high mass fission fragments. In particular, the time 
pickoff unit used to start the time-to-pulse height 
converter was the limiting factor in extending the 

curves to lower energy for just this reason. If such 
discrimination did indeed take place, then the calculation 
of energy for that particular observation would employ 

an average mass that was greater than the average mass 

of the observed particles. Thus the apparent energy would 
be greater than the true value. An error of this sort 
would shift the calibration curves away from the alpha line 
so it cannot be an explanation for the break in the 

defect curves at 25 MeV. 

The break in the curve at 25 MeV is in disagreement 
with the calculation of Haines and Whitehead (H1) which 
predicts that the greatest change in the defect takes 
place below 6 MeV. A second area of disagreement with 
their calculation is in the magnitude of the defect due 
to non-ionizing nuclear collisions. This portion of 
the defect was estimated from Figure 34 by extrapolating 
the curve between undegraded energy and 25 MeV to zero. 
This gave a defect of about 6 Mev for the median heavy 
fragment and about 5 MeV for the median light fragment. 
These values may be compared with the values of 3.5 MeV 


for the median heavy fragment and 2.2 MeV for the median 


7) 
a3 
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light fragment predicted by Haines and Whitehead (Hl). 
One difficulty in determining the magnitude is the 
accuracy with which the alpha line can be determined. 
Some authors (Sl, K1) have employed only a single alpha 
source in determining the alpha line. The present 
experiments employed two different alpha sources which 
gave an alpha line with an error of 710.5 MeV at 100 MeV. 
In spite of this inaccuracy and those in the 
time-of-flight experiments with fission fragments there 
seems to be a real discrepancy between the present results 
and the calculations of Haines and Whitehead. It is 
difficult to point out where the discrepancy arises 
Since the details of the Lindhard theory are unpublished. 
It should be noted, however, that this is not the first 


discrepancy to be observed for heavy ions (Ml, M3). 


B. Rise Time 

The plots of observed, rise time versus energy for 
various bias voltages (see Figure 45) show a definite 
dependence on both energy and bias POL raise. The calculated 
plasma times are proportional to pO” where ectme 3 
with only one or two exceptions which are probably due to 
experimental error, 

The value of m= 2 is8 in agreement with the diffusion 


model presented in Appendix A which gives 


be ol 


= Se ti E, 12 
alae etl a Cl (70) 
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Additional evidence that a comes from the 
experiments of Meyer (M5) with fission fragments and 
alpha particles from Gro?" He reported that 
(ty) pp/tp = 4 © 1 for each detector tested. Substituting 
Epp = 89.9 MeV and E “ae 6,11 MeV into equation (70) 
gives (ty) pp/ty = 3,82, 
However, with values of EE, = 90 x 10° ev, 
t, = 0.5 x 1077 sec., e = 1.6 x 10-19 coul., w= 3.6 ev/I.P., 
2 2 Gl) Csisislay ee 10714) ¢/en., Perera Key V/em. and 


8 seconds, 


D= 30 em“/sec, one obtains ty = Gx 105 
indicating that diffusion alone is too slow a process to 
account for the observed plasma time. 

In fact, the field dependence of equation (70) 
does not agree with experiment. The present experiments 
indicate that t |. < cae 

This field dependence of A is stronger than that 
given by equation (70) so probably the effect of field 
eroSion along the lateral surface of the ionization column 
should be included. 

Case IIIT of the Appendix A takes into account 


possible field erosion and gives 


5 L 
t, = |3e ty — —_ (71) 
- 
| yea ew 
This agrees remarkably well with experiment. The 


ie 


falls within the limits of the observations. For 3d = 0.01 


field dependence is correct and the dependence of Bo 
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and typical values for the other parameters, ae = (6) 5x 107 8sec, 
Larger values of Me would naturally reduce the 
Probably both diffusion and field erosion contribute 
to the spreading of the column, This can be considered 
as field enhanced diffusion with the field removing 
carriers from the fringes of the ionization column, 
thereby maintaining a sharp concentration gradient at 
the surface. 
The original interest in the plasma time arose from 
attempts to explain the pulse height defect by recombination 
losses in the plasma. An estimate can eS made of these 


losses based on the premise that tLhoux ia, where 22m. 3. 


p 
Miller and Gibson (M7) have treated the problem for the 
undegraded case and came to the conclusion that 
recombination via recombination centers in the forbidden 
gap is the most important mechanism, Following these 


authors the fractional carrier loss can be written as 


d 0 . oNpgv ot (72) 
Nm SacI 
Tn 


dn is the carrier loss; n the free carrier density; 

Np is the density of recombination centers; % is the 
recombination cross section; yv is the thermal velocity; 

On is the density of carriers created by the charged 
particle and dt is the plasma time. The energy dependence 


of the plasma time can be substituted into equation 


(72) to-eptain 
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1 
- an fe ia (73) 
T Ym 


Miller and Gibson (M7) have estimated that n=nnp. 
Therefore, after converting to energy units one obtains 
a relation for the pulse height defect due to recombination 


losses. 


m+1/m 


E o4m< (74) 
O pACOMBINATION panes: nes 


This shows that recombination losses fall off quite 
rapidly with incident particle energy. 

Concerning the rise time measurements with 
coincidence, it had been hoped that they might reveal 
any difference between the light and heavy fragments 
but lack of precision made this impossible as shown in 
Figure 45, Possibly a lower bias voltage would have 


proved a more advantageous choice. 
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Appendix A 
A Model for the Plasma Effect 


As was discussed in the introduction the plasma 
effect and in particular the plasma time hold considerable 
interest because of the possible recombination effects 
within the plasma. 

Initially there is a neutral column of ionization 
with length equal to the particle range and linear 
density proportional to the energy loss per unit distance 
for the particle. Dearnaley and Northrop (D1) made a 
crude estimate of the plasma time without solving the 
usual differential equations by assuming that the 
dispersal of the plasma was a diffusion controlled 
process. They considered the case where the particle track 
is perpendicular to the electric field and represented 
the track as a line of ionization with linear density }. 
Their result can be obtained by assuming a parallel 
plate capacitor with electric field a = On as a model 
for the detector, OG is the surface charge density and 
€ is the dielectric constant. Then it is assumed that 
collection is impeded while the radius, R, of the track 


increases by diffusion to a point where 
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and normal field collection proceeds. Characteristically, 
mx fDt where D is the ambipolar diffusion constant and 
t is time. Substituting into equation (1) for R and 
solving for t gives an estimate of the plasma time 
eg ie 2) 
nee ¢ 2 
The case where the particle track is parallel to 
the field has never been treated but the same Sort of 
reasoning can be applied with fruitful results. In 
this case, the electric field sees the end of the column 
of ionization with cross sectional area A =TTR, The 
amount of charge which falls under the influence of 
the field is approximately dN = REE, This charge 
will be swept out in a time dt Ww an time, th 


which leads to an expression for the collection rate. 


ON kere (3) 
at et, 


Miller et al (M1) have shown that the transit time 
is essentially independent of the field. 


t, = 2.2PY, x 107? sec (4) 
j' is the resistivity in ohm-cm and vis the mobility 
in em*/volt-sec. Integration of equation (3) yields 


tp 
No = &e 1T R<at (5) 
ev, is 
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No is related to the incident particle energy EA? by 
the relation ea E,/W where w is the energy expended 
Dereon par i ormed. 

The integral in equation (5) can be evaluated for 


cases of special interest, 


Case I: R= gq where a is a constant 





2 
nos FEMA | 6 
O “et, P ( ) 
(ee ett Eo (7) 
Tila wt & 
Case II: R= pt 
ETT Dt 
Ny Ss ii D P (8) 
cet, 
2et 2 
C. = = 1e Eo e (9) 
Twote& 
Case Tit: R = SA Et 
2 Cinna. 3 
iG 
Ny px y iM c& IP (10) 
3et, 
Ws 
th = | 2e%t Fo : (11) 
wd MF C 


Case I corresponds to the case where a, the initial 
radius of the track is large compared with the change in 
R due to other effects, i.e. diffusion or field erosion. 
Case II corresponds to the situation where the initial 
radius can be neglected and diffusion dominates the 


spreading of the ionization column. Finally, Case III 





a7 


represents the possibility that both the initial radius and 
diffusion may be neglected in comparison with the 

spreading of the column due to field erosion. Field 
erosion can be pictured as some small component of the 
field nibbling at the lateral surface of the ionization 
column, 

Thus far the electric field has not been explicitly 
defined except with reference to a parallel plate 
capacitor, The field actually is a function of position 
across the depletion region. The model may be improved 
by taking this into account with an "effective field" 
defined as the average field over the length of the 
particle track and given by (M5) 


a = ad E : 1/a | : (12) 


cs denotes the bias voltage; d the width of the depletion 
region and L the length of the particle track, 

Brown (B7) has estimated that the mean free path 
of a secondary electron in silicon is of the order of 
O,1 microns, which should be a reasonable estimate of the 
initial radius of the track. The diffusion constant, 
D 7 30 em°/sec., 30 over a period of a few nanoseconds 
diffusion increases the radius by about 2 microns. Based 
on these estimates it is likely that Case I has no 
applicability since i << i. Values of ( = 107 V/em 


and Ar man ic 156) om°/volt-sec give Seytz 1.383x 107 “em 
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over a few nanoseconds for Case III. Therefore, for 
4 >0,01 the effect of field erosion is comparable with 
that of diffusion and must be taken into account, 

The present experiments (s¢e Section III-3) show 
an energy dependence of t,, wE me where 2<4m<£ 3, The 
observations of Meyer (M5) that (t )ep/tp = 4 © 1 are in 
general agreement with thle present experiments for 
E, = 6.11 MeV and Epp = 89.9 MeV. ‘The observations of 
Meyer also showed the field dependence to be t,x e-1 
as given by Case III of the models. 

It is difficult to choose between the diffusion 
model and field erosion model on the basis of the present 
experiments because of the general lack of precision. 
However, the evidence indicates that the models do have 
some validity and that probably both diffusion and 
field erosion contribute to the dispersal of the 


ionization column. 
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